Protein synthesis in the chloroplast is carried out by chloroplast ribosomes (chloro-ribosome) and regulated in a light-dependent manner. Chloroplast or plastid ribosomal proteins (PRPs) generally are larger than their bacterial counterparts, and chloro-ribosomes contain additional plastid-specific ribosomal proteins (PSRPs); however, it is unclear to what extent these proteins play structural or regulatory roles during translation. We have obtained a threedimensional cryo-EM map of the spinach 70S chloro-ribosome, revealing the overall structural organization to be similar to bacterial ribosomes. Fitting of the conserved portions of the x-ray crystallographic structure of the bacterial 70S ribosome into our cryo-EM map of the chloro-ribosome reveals the positions of PRP extensions and the locations of the PSRPs. Surprisingly, PSRP1 binds in the decoding region of the small (30S) ribosomal subunit, in a manner that would preclude the binding of messenger and transfer RNAs to the ribosome, suggesting that PSRP1 is a translation factor rather than a ribosomal protein. PSRP2 and PSRP3 appear to structurally compensate for missing segments of the 16S rRNA within the 30S subunit, whereas PSRP4 occupies a position buried within the head of the 30S subunit. One of the two PSRPs in the large (50S) ribosomal subunit lies near the tRNA exit site. Furthermore, we find a mass of density corresponding to chlororibosome recycling factor; domain II of this factor appears to interact with the flexible C-terminal domain of PSRP1. Our study provides evolutionary insights into the structural and functional roles that the PSRPs play during protein synthesis in chloroplasts.
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chloroplast protein synthesis ͉ cryo-EM structure ͉ ribosomal RNA ͉ plastid ribosome recycling factor ͉ protein synthesis C ellular organelles, like mitochondria and chloroplasts, possess their own genome and components of gene-expression system, including ribosomes (for reviews, see refs. 1 and 2). The chloroplast (or plastid) ribosome (henceforth referred to as the ''chlororibosome'') is specialized in that it is involved in the biosynthesis of only the small number of proteins encoded by the chloroplast genome. The complete genome sequence of the spinach (Spinacea oleracea) chloroplast identified a total of 146 genes, of which 98 encode protein products, and 45 represent structural RNAs (3). The majority of the chloroplast-encoded proteins is targeted to the thylakoid membranes and include components of the ATP synthase, cytochrome b/f, and especially photosystem I and II complexes (3). In addition, chloro-ribosomes translate NADH dehydrogenase, the large subunit of RuBisCO, RNA polymerase subunits, and a distinct subset of ribosomal proteins: 12 from the small (30S) subunit and 8 from the large (50S) subunit, and the rest are nuclear-encoded and imported into the chloroplast.
The origin of chloroplasts is understood to be through an early endosymbiotic event between a photosynthetic prokaryotic ancestor related to cyanobacteria and a eukaryotic cell (4) . In fact, the overall constituents of the plastid translational machinery are similar to those of eubacteria. The ribosomal RNAs (rRNAs) are similar in length and exhibit relatively few differences [see supporting information (SI) Figs. [6] [7] [8] . The 16S rRNAs of the Escherichia coli 30S subunit has 1,542 nt, whereas the spinach chloro-30S subunit is slightly smaller, containing 1,491 nt. Although the chloro-50S subunit is composed of three rRNAs, rather than two as in E. coli, the combined size of chloro-50S subunit rRNAs is larger (3,033 nt) than the E. coli counterpart (3,024 nt) by only 9 nt.
Proteomic studies reveal that the chloro-ribosomes possess in total 58 ribosomal proteins, 25 and 33 proteins in the 30S and 50S subunits, respectively (5, 6) , and have orthologs to all 52 E. coli ribosomal proteins, with the exception of L25 and L30. Plastid ribosomal proteins (PRPs) generally are larger than their E. coli counterparts, containing extensions predominantly at the N and C termini. In addition, the chloro-ribosome possesses six nonorthologous proteins, which are termed ''plastid-specific ribosomal proteins'' (PSRPs): four of these proteins (PSRP1-4) are associated with the 30S subunit, and two (PSRP5 and PSRP6) are associated with the 50S subunit. The larger size of the PRPs as well as the presence of six PSRPs leads to a significantly altered protein/RNA mass ratio of 2/3 in the case of chlororibosomes, as compared with 1/3 for E. coli (5, 6) . The higher protein content of chloro-ribosomes, and especially the presence of PSRPs, has prompted the suggestion that chloroplasts have evolved specific proteins that play unique functional roles during chloroplast translation, such as the light-dependent stimulation of protein synthesis (5-7).
Here, we present a 9.4-Å 3D cryo-electron microscopic (cryo-EM) reconstruction of the spinach 70S chloro-ribosome. The chloro-ribosome is similar to bacterial 70S ribosomes, but it is Data deposition: The cryo-EM map of the chloroplast 70S ribosome has been deposited in the EM database, www.ebi.ac.uk (accession code EMD-1417). The homology model for the chloro-ribosome small and large subunits have been deposited in the Protein Data Bank, www.pdb.org (PDB ID codes 3BBN and 3BBO, respectively).
larger in size and exhibits a number of specific features not observed in the structures of cytoplasmic (e.g., ref. 8) or mammalian mitochondrial (9) ribosomes. Molecular analysis of the map reveals the positions of the extensions of the orthologous PRPs and allows us to assign the locations of five of the six PSRPs. In addition, we find a mass of density corresponding to the chloroplast (plastid) ribosome recycling factor (pRRF), which is known to be tightly associated with the chloro-ribosome (5, 7). Collectively, the results suggest that PSRPs play both functional and structural roles in the chloro-ribosome.
Results and Discussion
Overall Architecture of the 70S Chloro-Ribosome. The 3D cryo-EM map of the 70S chloro-ribosome ( Fig. 1 A and B) reveals known structural features of the bacterial ribosome ( Fig. 1 C and D) , such as the body, head, and platform within the 30S subunit and the central protuberance (CP) and L1 and L7/L12 stalks in the 50S subunit. In addition, we find a weak mass of density corresponding to tRNA in the E-site region that copurifies with the ribosomes as observed previously (e.g., refs. 10 and 11). However, a detailed analysis reveals a number of unique structural features in the chloro-ribosome compared with that of the E. coli 70S ribosome (8) : (i) the larger overall size of the chloro-ribosome (by Ϸ10 Å along the longest diameter); (ii) the presence of a prominent extra mass of density at the spur of the 30S subunit; and (iii) much larger densities for protein L1 protuberance and protein L7/L12 stalk base in the 50S subunit.
We have computationally separated the RNA and protein components (12) within both subunits of the chloro-ribosome (Fig. 2) . Comparison of rRNA and protein maps with the x-ray structures for the E. coli (13) and Thermus thermophilus 70S (11) ribosomes, as well as a spinach 70S homology model generated from these structures (see Materials and Methods), allowed us to locate the differences in rRNA and protein distributions between the chloroplast and the bacterial ribosomes. The rRNAonly map is in agreement with the spinach homology model in terms of the locations of nucleotide insertions, or deletions, relative to bacterial rRNAs (see SI Figs. 6-8 for secondary structure differences of rRNAs), whereas the protein-only maps reveal unique protein densities that can be assigned to five PSRPs, and the extensions of the orthologous PRPs, with possible exception to regions of disordered tails or loops in these proteins. Furthermore, the protein-only map computed for the chloro-50S subunit shows a strong mass of density corresponding to pRRF domain I, located in a similar position as the bacterial RRF (14, 15) . The RNA-protein separations also show that the positions and compositions of intersubunit bridges in the chlororibosome are mostly conserved between the bacterial (8, 11, 13, 16) and chloro-ribosomes. One possible exception is the proteinprotein bridge B1b, which appears to be slightly altered because of the presence of extensions of PRPs S13 and L5 on the 30S and 50S subunits, respectively, of the chloro-ribosome. ribosomal subunit from its E. coli counterpart (Fig. 2 A and B) . The secondary structure maps of the 16S rRNA (see SI Fig. 6 ) indicate that the major differences with E. coli are in fact the absence of nucleotides in this region, specifically, in helix 6 (h6), which forms the spur, and h10 and h17, which lie in the immediate vicinity (see ref. 17 ). The RNA-protein separated cryo-EM maps of the chloro-30S ribosomal subunit are in agreement with the loss of rRNA from this region with respect to E. coli but also indicate that a significant protein mass is present here. To assign the protein masses of the chlororibosome, a systematic assignment of all of the chloro-ribosomespecific PRP extensions and PSRP was undertaken. Most of the orthologous PRPs of the chloro-30S ribosomal subunit are larger in size when compared with their bacterial counterparts, generally possessing N-terminal extensions (NTEs) or C-terminal extensions (CTEs) (5). The homology model and the analysis of the protein-only mass of the 30S cryo-EM map allow us to assign the density located near to where the extensions of PRPs would be expected to be, for example, PRPs S5, S6, S9, S10, S13, S17, S18, S20, and S21 ( Fig. 2 A and B) .
Three proteins, S3, S4 and S5, encircle the entrance of the mRNA channel in the bacterial ribosome (18) . Of these, S3 and S4 are shorter in the chloro-ribosome, whereas S5 is significantly larger, with an 86-residue NTE. Other 30S subunit proteins that approach the mRNA path in bacterial ribosome are S1, S7, S11, S12, S18, and S21. PRPs S1 and S7 are smaller, and PRPs S11, S12, and S18 are larger in the chloro-30S subunit. However, none of the protein extensions, including that of PRP S5, seem to affect the overall topology of the mRNA entrance in the chloro-ribosome, except the CTE in PRP S21, which is positioned to interact directly with the 5Ј untranslated region of the mRNA (19) (Fig. 3) .
After assignment of PRPs and the additional masses arising because of their extensions, only three unidentified protein masses remained. The lack of continuity with neighboring PRPs led to the categorization of these masses as PSRPs. The large unassigned protein mass located at the neck of the 30S subunit (Fig. 2 A) has been assigned to PSRP1 on the basis that similar density arises in cryo-EM reconstructions of PSRP1 bound to the E. coli 70S ribosome (M.R.S., D.N.W., C.B., P.P.D., P.F., and R.K.A., unpublished data). This study reveals that PSRP1 is not in fact a bona fide ribosomal protein but rather a regulatory factor that has homology to the cold-shock protein pY, the binding site of which also is located in the same region on E. coli ribosomes (20) . In this position, PSRP1 interacts with 16S rRNA helices 18 and 44 from the 30S body and helices 30 and 34 and PRPs S9 and S13 from the 30S head, and it is within 10 Å distance from the PRP S12.
The extra protein mass buried between the 16S rRNA helices 30, 41, 41a, 42, and 43 within the 30S head was readily assigned to PSRP4. PSRP4 is the most basic protein (pI 11.79) in the 30S subunit (5), consistent with its extensive interaction with the negatively charged rRNA. Furthermore, the NTD of PSRP4 shows homology with the Thx protein that is present in the T. thermophilus 70S ribosome (11) but absent in the E. coli 70S ribosome (13) . A homology model of the NTD domain of PSRP4 based on Thx shows an excellent fit into the cryo-EM density assigned to PSRP4. Thx and PSRP4 appear to share a similar functional role in stabilizing the rRNA helices in the 30S head region.
The remaining PSRP mass is located at the bottom of the 30S subunit, where it more than compensates, in terms of its overall size, for the loss (relative to E. coli) of nucleotides in helices h6, h10, and h17 of the 16S rRNA (see SI Fig. 6 ). The overall size of this protein mass is too large for either PSRP2 or PSRP3 alone; however, it is consistent with the combined mass of the two PSRPs (see SI Table 1 ). In fact, there are two unequally sized globular masses within this PSRP mass, which are connected through a weak mass of density that disappears upon increasing the density threshold value. We tentatively assign the larger of the two masses to PSRP2 and the smaller one to PSRP3 (Fig. 2  A and B) . PSRP2 and PSRP3 interact with each other (as mentioned above) and with 16S rRNA helices 6 and 10, respectively. PSRP2 shows sequence similarity to a stromal RNAbinding domain (RBD), leading to the suggestion that it binds mRNA and plays a role in translation initiation under lightsynchronized protein synthesis (7). However, based on its location in our map, we believe that RBD of PSRP2 facilitates its interaction with the 16S rRNA helix 10. The combined densities of PSRP2 and PSRP3 span a large portion of the chloro-30S subunit bottom. Thus, like in the mammalian mitochondrial ribosome (mitoribosome) (9), we find that the bottom of the small subunit in the chloro-ribosome is protein-rich, as compared with its bacterial counterparts.
Structure of the Large (50S) Ribosomal Subunit. The overall shape of the chloro-50S subunit is similar to its bacterial counterpart, except that the PRP L1 arm and L7/L12 stalk are distinguishably larger. As for the 30S subunit, the 23S rRNA secondary structure maps (see SI Fig. 7 ) and homology model of the chloro-ribosome are consistent with the RNA-protein separated map of the chloro-ribosome, indicating the deletion of rRNA nucleotides relative to E. coli 23S rRNA within H9, H45, H63, and H98 (see SI Fig. 7) , as well as a 9-nt insertion between H1 and H2 of the 4.8S rRNA (corresponding to helices 100 and 101 in the E. coli 23S rRNA), a 20-nt loop insertion within H38 (Fig. 2D and SI  Fig. 9 ), and 23-nt insertion in H58 (Fig. 2C) . No insertions or deletions are located within domain V and VI that encompasses the peptidyl-transferase center of the ribosome, highlighting the high conservation and functional importance of this region.
Almost all of the orthologous PRPs of the 50S subunit are larger in size than the respective E. coli counterparts, because of the NTEs and CTEs, such that PRP L21 and L22 are almost twice the size (5). The extensions of most PRPs are located on the solvent side of the subunit and can be readily identified in our protein-only map (Fig. 2 C and D) . Extensions of PRPs L13, L21, and L22 apparently converge into an elongated mass between PRP L11 and the polypeptide-exit tunnel. Our map does not show densities for L25 or L30, both of which are known to be absent in the chloro-ribosome, nor for deleted portions of L17 and L18 (5). L25 is a 5S rRNA binding protein, and sequence homology between PRP L22 and L25 led to the suggestion that PRP L22 may have taken over the role of L25 (5); however, the total absence of density in the L25 region and the distant localization of L22 from the 5S rRNA argue against this hypothesis. In contrast, density attributable to the 20-nt loop insertion within H38 overlaps with the L30 region, suggesting that this RNA insertion may compensate partially for the absence of L30 (SI Fig. 9 ).
The 50S subunit possesses two small PSRPs, PSRP5 (6.6-9.2 kDa) and PSRP6 (7.4 kDa). Based on the mass of the proteins and size of unidentified density on the chloro-50S (SI Table 1 ), we assigned PSRP5 tentatively to a density located near the tRNA-exit, or E site, in a groove formed between 23S rRNA helices H68 and H88 ( Fig. 2 C and D) . This position of PSRP5 may reflect a possible role in ejection of the deacylated tRNAs from the chloro-ribosome. Because we do not observe a distinct mass of density that can be assigned to PSRP6, it is likely that PSRP6 is relatively loosely associated with the ribosome, which is consistent with the low stoichiometry of PSRP6 observed on 2D gels compared with other PRPs of similar size, e.g., L28, L32-L35 (5).
Interaction Between PSRP1 and pRRF. Although the density for the NTD of PSRP1 is well resolved in the cryo-EM map of the chloro-ribosome, the C-terminal domain (CTD) appears to be flexible because it is partially disordered. However, the CTD shows up in a difference map calculated between the chloro-and E. coli 70S maps as a protruding mass from the NTD of PSRP1. The CTD of PSRP1 has sequence homology to a light-regulated transcript A (lrtA) present in the cyanobacterium Synechococcus sp. PCC 7002 (21) , suggesting that PSRP1 may be directly involved in the light-dependent regulation of translation in chloroplasts. In our map, the density for the CTD of PSRP1 forms a connection with domain II of pRRF, sitting on the chloro-50S subunit. Like the CTD of PSRP1, domain II of pRRF appears to be flexible but is observed in the same difference map ( Fig. 4 ; also see SI Fig. 10 ). When bound to the chloro-ribosome, both PSRP1 and pRRF would completely block the binding positions for A and P site tRNAs, thus supporting the role of PSRP1 as a stress response factor rather than an integral ribosomal protein. The cohabitation of pRRF with PSRP1 on the chloro-ribosome may indicate an additional role for RRF during protein synthesis. Normally, RRF binds to posttermination complexes and, in combination with elongation factor G (EF-G), splits the ribosomes, recycling the ribosomal subunits, mRNA, and tRNAs for the next round of translation (see ref. 22) . A second function of pRRF may be in conjunction with PSRP1 to block translation under stress conditions by filling the tRNA binding sites. When conditions are again favorable (such as reexposure to light), pRRF may play a role in release of PSRP1 from the ribosome, analogous to its role in releasing tRNAs during bacterial ribosome recycling.
The Polypeptide Tunnel Exit. The majority of the polypeptides synthesized by the chloro-ribosome are inserted into the thyla- Fig. 3 . The mRNA exit channel. X-ray crystallographic structure of the whole 30S mRNA complex (19) was docked into the cryo-EM map of the chloro-30S subunit. Boxed region in the thumbnail (Left) is enlarged to show the 5Ј terminus of mRNA (blue), PRPs S11 (magenta ribbons), and S21 (orange ribbons) with their extensions (green). The CTE of S21 is close enough to make direct contact with the mRNA, whereas the extra density associated with S11 (marked with an asterisk) is within 13 Å of the mRNA. The latter density could be partly attributable to a local conformational change.
koid membrane, therefore it might be expected that chloroplasts have evolved a more specialized polypeptide-exit tunnel for efficient posttranslational protein export. The chloro-ribosome map shows that although the overall topography of the tunnel exit is similar to that observed in the bacterial ribosomes, with ribosomal proteins L22, L23, L24, and L29 encircling the tunnel exit site (e.g., refs. 11, 13, and 23), a number of differences are evident. All these PRPs are larger in chloro-ribosome (5), and indeed we see corresponding extra densities associated with these PRPs (Fig. 5) . Extensions of the PRP L23, L24, and L29 may establish additional contacts with Ffh (fifty-four homolog or SRP54) protein to compensate for the absence of the RNA moiety of the signal recognition particle (SRP) in the chloroplast. The protein-rich nature of the tunnel exit site in chlororibosomes also has been observed for the mitoribosome (9) , suggesting that this may be conserved as an important feature of organellar ribosomes, necessary for efficient export or insertion of proteins into membranes.
After the completion of this study, a cryo-EM study of chloro-ribosome from an algae Chlamydomonas reinhardtii was reported at lower resolution (24) . With the exception of PSRP7, which is not present in spinach chloroplasts, this study did not assign any of the PRP extensions or additional PSRPs. Furthermore, because a cryo-EM map was not deposited in EM database, no meaningful comparison can be made between the two studies.
Materials and Methods
Preparation of Chloro-Ribosomes. Chloro-ribosome isolation was performed according to Bartsch et al. (25) . Five kilograms of spinach was deveined and washed thoroughly in precooled distilled deionized water. The leaves were homogenized (2 liters per 1 kg of leaves) using 0.7 M sorbitol in buffer A (10 mM Tris⅐HCl, pH 7.6, 50 mM KCl, 10 mM MgOAc, and 7 mM 2-mercaptoethanol). The homogenate was filtered through several layers of cheesecloth and one layer of Miracloth (Calbiochem) before centrifugation at 1,200 ϫ g for 15 min. The pellet was resuspended in 0.4 M sorbitol in buffer A and recentrifuged at 1,200 ϫ g for 15 min. The washed chloroplast pellet was resuspended in buffer A supplemented with 2% (vol/vol) Triton X-100 and incubated on ice for 30 min. The lysed suspension was clarified by centrifugation at 26,000 ϫ g for 30 min before isolation of crude ribosomes by centrifugation at 50,000 ϫ g for 24 h through 1 M sucrose (in buffer B: buffer A with 10% glycerol). The greenish pellet was washed and then resuspended in buffer B with gentle agitation. The crude ribosomes were clarified by centrifugation at 26,000 ϫ g for 15 min before being snap-frozen at Ϫ80°C. Alternatively, the clarified supernatant was applied directly onto a 10-30% sucrose gradient (in buffer B) to obtain tight-couple chloroplast 70S ribosomes.
Cryo-EM and 3D Image Reconstruction. EM data were collected on a Philips FEI (Eindhoven, The Netherlands) Tecnai F20 field emission gun electron microscope, equipped with low-dose kit and an Oxford cryo-transfer holder, at a magnification of ϫ50,760. Then, 164 micrographs were scanned on a Zeiss flatbed scanner (Z/I Imaging Corporation, Huntsville, AL), with a step size of 14 m, corresponding to 2.76 Å on the object scale. The projection-matching procedure (26) within the SPIDER software was used to obtain the 3D map. We used an 11.5-Å resolution E. coli 70S ribosome map (8) as the initial reference. An 18-Å resolution map of the 70S chloro-ribosome so obtained subsequently was used as reference for iterative refinement. Initially, 192,133 images, sorted into 41 groups according to defocus value (ranging from 1.4 m to 4.4 m), were picked. Finally, 86,370 images were retained, after visual and crosscorrelation-based screening and removal of images from overrepresented groups among the initial set of 83 representative views of the ribosome, and these were used in the final reconstructions. The resolution of the final CTF-corrected 3D maps (27) , estimated by using the Fourier shell correlation with a cut-off value of 0.5 (see refs. 28 and 29), was 9.4 Å [or Ϸ7.5 Å by the 3 criterion (30)].
The fall-off of the Fourier amplitudes toward higher spatial frequencies was corrected as described previously (8) by using the small-angle x-ray solution scattering intensity distribution of the E. coli 70S ribosome. RNA and protein components of the 70S chloro-ribosome map were computationally separated by using a method (12) based on differences in the density distribution of the two moieties, taking into account the molecular masses and contiguity constraints. A model for the 70S chlororibosome was built from homology models of the PRPs generated in HHPred (31) with E. coli (13) and T. thermophilus 70S (11) ribosomal proteins as templates. In most cases, the additional NTEs and CTEs of the PRPs were predicted to be unstructured and therefore were not included in the final model. The chloro-ribosome rRNA was modeled on the basis of the E. coli 70S structure (13) by comparison of sequence and secondary structure alignments. The rRNA and PRPs then were refined in CNS (32) . Homology models of specific domains of PSRP1, PSRP2, and PSRP4 were generated with Swiss-Model (33) (http://swissmodel.expasy.org//SWISS-MODEL.html), Phyre (www.sbg.bio.ic.ac.uk/ϳphyre), and HHPred (http://toolkit.tuebingen.mpg.de/hhpred). Assignments of PSRPs within the protein-only maps of both subunits are based on two main criteria: (i) the presence of protein masses in locations that are not seen in the bacterial ribosome and (ii) calculation of voxel volumes for each discrete new protein mass and a correlation between voxel volumes and molecular mass of the corresponding PSRP (see SI Table 1 ). Before computation of a difference map between the maps of chloro-ribosome and E. coli ribosome, the two maps were scale-matched and cross-correlated. Visualization and interpretation of the map and docking of crystallographic structures were performed by using SPIDER, IRIS Explorer (Numerical Algorithms Group, Inc., Downers Grove, IL), O (34), and Ribbons (35) .
